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Statement of government interest 
[0001] The United States Government has rights in this invention pursuant to Contracts No. 

DE-FG02-97ER82335 and DE-FG02-94ER-81717 awarded by the United States 

Department of Energy, and Contract No. DAMD17-95C-5033 awarded by the United States 

Army . 

Field of the invention 
[0002] This application is directed generally to acoustic wave devices, and more particularly 
to a piezoelectric device allowing operation through large variations of temperatures and 
perturbation dampening. 

Background of the Invention 
[0003] Acoustic wave devices have been used extensively in the art as frequency reference 
resonators, delay lines, and sensors. The oldest acoustic wave device structure is the 
parallel plate resonator, which consists of a plate of piezoelectric material having 
substantially flat and parallel polished surfaces, one or both of which support one or more 
conducting electrodes. When a voltage signal is applied between the electrodes, stress 
fields induce elastic deformations of the crystal (strain fields). The deformations of the 
crystal alter the distribution of charge within the crystal and a net flow of charge (a current) 
exists. 

[0004] A more advanced acoustic wave device utilizes surface acoustic waves, surface 
transverse waves, or acoustic plate modes. Those devices are generally known as SAW 
devices, or as acoustic plate mode devices. Briefly, these devices comprise a substrate of 
piezoelectric material such as quartz or lithium niobate, or thin films of piezoelectric material, 
such as zinc oxide, or cadmium sulfide, on a non-piezoelectric substrate. The substrate has 
at least one active piezoelectric surface area, which is highly polished. Formed on the 



surface are input and output transducers for the purpose of converting input electrical 
energy to acoustic energy within the substrate and reconverting the acoustic energy to an 
electric output signal. The input and output transducers frequently comprise interdigitated 
transducers each comprising a plurality of interdigitated electrode fingers which are 
electrically coupled to an input signal, and to an output measurement device respectively. 
Such transducers are known as IDT (Inter Digitated Transducer) and are typically formed by 
depositing a thin film of electrically conductive material such as aluminum or gold in the 
desired shape on the active area. Electrical potential is coupled to the input transducer and 
induces mechanical stresses in the piezoelectric substrate. The resultant strains propagate 
along the surface of the substrate to the output transducer, whereby they are converted to 
output electrical signals. The waves may propagate along the surface of the crystal (surface 
modes), or through the bulk of the crystal structure (waveguide modes). 

[0005] When designing an acoustic wave device, one has to consider the size, number, 
mass, shape, and connection method of the electrodes, as those parameters significantly 
effect the behavior of the device. The effects of the electrode design are known in the art. 
However, for simplicity, these specifications will relate to electromechanically insignificant 
electrode structure to mean that an acoustic wave traveling under a short-circuited 
transducer containing electromechanically insignificant electrodes, would experience no 
significant reflective coupling into a reverse-traveling wave due to the periodic perturbations 
from the nominal surface conditions outside the transducer region. The opposite of 
electromechanically insignificant electrode structure described above, is naturally the 
electromechanically significant electrode structure, which means that such reflective 
coupling would be created and enhanced. 

[0006] Typically, insignificant electrodes are designed to have a minimum thickness (mass) 
required by the electrode dimensions to provide adequate conductivity and the ability to affix 
bond wires. However, as the operating frequency increases, creating mechanically 
insignificant electrodes becomes harder as the dimensions decrease inversely to the 
frequency. Furthermore, in piezoelectric materials such as lithium niobate having high 
piezoelectric coupling, mechanically insignificant electrodes are electrically (and thus 



electromechanically) significant. However a method of connecting more than one 
consecutive electrode to the same polarity is known to locally cancel the resulting 
electromechanical reflections and thus make the electrodes effectively be 
electromechanically insignificant, even at higher frequencies or in high coupling materials. 

[0007] It is clear that as the acoustic wave propagation in the crystal is mechanical in nature, 
changing the environment in which the crystal operates changes the behavior of the 
crystal, and it follows that the electrical characteristics exhibited by the piezoelectric 
device change as well. Thus for example, temperature, and/or the medium in which 
the crystal is suspended, varies the crystal response. Therefore, exposing a driven 
piezoelectric crystal to contact with a fluid or a polymer material will dampen the wave 
propagation in the crystal, and change the characteristic response of the device. This 
change may be used to measure certain characteristics of the fluid, or may be a side 
effect of polymer films in gas sensing or of the fluid in efforts to measure other 
properties of said fluid. In this manner a sensitive sensor is created. Sensors may 
also be made responsive to specific substances. This is done by for example, placing 
a polymer film on the sensor. If the polymer is sensitive to a specific gas or biological 
agent for example, the polymer characteristics will change, and with it its effect on the 
mechanical perturbations in the crystal. Examples of such sensors is taught in US 
5,283,037 to Baer et al., in US 5,235,235 to Martin et al., and US6,033,852b to Andle 
et al. 

[0008] The ideal sensor will have a narrow bandwidth, high Q factor, and a well defined 

behavior change in response to the measured parameter. It will exhibit wide dynamic 
range, be energy efficient, (both for efficiency's sake, and to limit the need for high 
amplification with its inherent problems), and operate predictably over a wide range of 
variation in the ambient environment. Clearly, the sensor must have unique, 
measurable changes throughout the measurement range, which typically should be as 
wide as possible. 

[0009] Feeding an alternating voltage signal into the input transducer of an acoustic wave 
device will cause periodic deformations in the crystal, and the generated acoustic waves, 



when incident on the output transducer, will cause a net current effect into the transducer's 
load impedance. Using a low impedance current measuring device, it is possible to 
measure the delayed and attenuated replica of an input voltage signal at the output 
transducer In an ideal device, a signal introduced into the acoustic wave device will 
traverse the device only once. However, as the transducers and their respective circuits are 
not ideal, the current produced in the output transducer, unless delivered to a short-circuit 
load, will cause regeneration of the input signal, which will cause a regeneration of the 
signal at the input transducer, and so forth ad infinitum. This reflective phenomenon 
hinders the design of devices such as acoustic wave delay lines, while other devices such 
as resonators, take advantage of it. 

[0010] A typical acoustic wave delay line 100 as depicted schematically in Fig. 1, comprises 
a piezoelectric substrate 105, an input 110 and output 130 transducers deposited on the 
substrate, and separated by a relatively long passive propagation path 120. As the signal 
in the output transducer is delayed by the time it takes the periodic deformations to 
propagate in the crystal, a delay line is formed. The ideal delay line will exhibit a broad 
bandwidth and minimized reflection, preferably only a single transit between the input and 
output transducers, in order to achieve the finite impulse response desired from such 
device. Therefore in order to minimize the ripple and reflections, design criteria calls for 
making the delay line utilizing the smallest number of electrodes necessary for the desired 
electrical coupling efficiency, and making the electrodes as small, light, and electrically 
insignificant as possible, in order to minimize their reflective effects. 

[0011] Common wisdom in the art also dictates that a very low ripple is an important design 
goal for delay lines. For example, in the popular book in the field "Surface Wave Filters, 
Design Construction, and Use", to Mathews, (page 153, Wiley Interscience Publication, 
John Wiley &Sons, New York, USA) less than ±0.5 dB is desired. Other authorities in the 
field also indicate this stated design goal, which dictates the use of electromechanically 
insignificant electrodes. Large number of electrodes or the use of electromechanically 
significant electrodes, causes triple transit echoes, and also another problem considered 
undesirable by those skilled in the art, (see Matthews page 156, line 3) of "—reflections 



within a given transducer—". Thus the present state of the art generally teaches that the 
reflections are significant with as little as 10 electrodes on lithium niobate or 100 electrodes 
on quartz. Accepted design practices call for reducing the electrodes even below those 
numbers, to a bare minimum required for appropriate coupling, and reducing the 
electromechanical significance of the electrode. 

[0012] In order to further reduce ripple and regeneration effects while using a delay line in a 
phase coherent circuit, common practice requires a mismatch between the input and output 
impedances and their respective electrical circuits that will cause an insertion loss of about 
20 db between the input and on the output, even in the absence of damping effects. Other 
methods of reducing the regeneration effects have been taught by using unidirectional 
transducers often implemented by inserting a reflector, typically made of grating of either 
metal electrodes or of slots cut out in the piezoelectric substrate, which are designed to be 
in 180 degrees phase shift of the regenerated signal and thus to cancel it. The phase 
coherent delay line using bi-directional transducers suffers from low efficiency, which limits 
the availability of dynamic range needed for sensor applications. The unidirectional 
transducers are dependent on a critical balance of mechanical reflections and electrical 
regeneration, which is difficult to maintain over the variations in electrical parameters and 
insertion loss dynamic range needed for sensor applications. This is, in part, a result of the 
variable mechanical damping involved, which alters both the required point of balance 
between reflection and regeneration and the amount of reflection available to balance the 
regeneration. 

[0013] From the above discussion it is seen that if the ripple in an acoustic wave device 
operating as a delay line, can be controlled by the device structure rather than by the 
external circuitry connected to it, the device will be better suited for sensor applications. 

[0014] Resonators represent another common acoustic wave device type. The resonator is 
commonly used in oscillator circuits as the timing element in the feedback loop of an 
oscillator, and similar circuits. Thus the electrical characteristics desired in a resonator call 
for a very sharp frequency bandwidth, and a very high Q to allow for efficient coupling. As 
shown in Fig. 2, the typical acoustic wave resonator comprises a piezoelectric crystal, with 



relatively short, low electrode count, input 200 and output 210 transducers deposited on the 
crystal. A relatively short resonant cavity 220 is interposed between the transducers. In 
order to absorb most acoustic waves but enhance the reflection of acoustic waves that are 
at the resonator frequency, extensive regions of electromechanically significant reflective 
gratings 230 and 240 are added to the sides of the resonant cavity to act as tuned signal 
mirrors. The acoustic wave that is trapped between these tuned grating reflectors is 
multiply reflected with a long propagation path between reflections, and the echoes produce 
a high Q factor resonance. While most reflections do not add coherently, a standing wave 
will be created at one or more frequencies of coherent reflection that depends on the 
grating's relationship to the wavelength. The input transducer drives the standing wave and 
the output transducer detects that standing wave. Thus the resonator exhibits high energy 
efficiency, (a high Q factor due to the infinite impulse response), and a very narrow, 
resonant spike type bandwidth. It should be noted that some resonator design call for a 
single transducer, and some call for mixing the transducers within the reflective grating (US 
4,144,507 to Shreve), but the general behavior and operational principle of the resonator 
remains the same. 

[0015] The high Q factor exhibited in a resonator is very desirable for sensor applications. 
However, when dampening is applied to the conventional resonator, such as by exposing it 
to a liquid, or depositing a film thereupon, the signal decays rapidly, before it can be 
reflected back into the transducers a sufficient number of times. Dampening therefore turns 
the high Q factor resonator in free air, into a very low Q factor device when coated or 
suspended in other fluids. Because a resonator degrades very rapidly upon dampening from 
external effects, it is of limited use in sensor applications having substantial damping of 
acoustic waves. 

[0016] Additionally, loading a resonator by the like of a polymer film, significantly raises the 
resonator's typically low insertion loss, often increasing from approximately 7 dB to 
approximately 20 dB with even light damping. Clearly this causes a reduction in the 
dynamic range available for a sensor application. This effect has even been observed for 
relatively high acoustic quality passivation films of silica or silicon nitride. 



[0017] There is therefore a clear and heretofore unanswered need for an acoustic wave 
sensor structure which exhibits narrow bandwidth and that offers high energy efficiency 
without the severe degradation exhibited by the existing structures. The present invention 
aims to provide such a device. 

Summary of the invention 
[0018] At the root of the present invention is the use of a plurality of local reflections in a 
predetermined and novel manner, to obtain the narrow bandwidth, high efficiency device 
that can tolerate damping effects while maintaining a usable Q factor and insertion loss, and 
thus provides a sensor with desirable characteristics. Thus in simplified general terms, the 
preferred embodiment of the invention provides for a long input transducer and a long output 
transducer, both having electromechanically significant electrodes, being disposed on or 
integrated within a substantially periodic reflective grating. The extents of the reflective 
grating define the device active area. The transducers cover the majority of the active area, 
and in the most preferable embodiment, a short delay grating is disposed between the 
transducers without forming a specific resonant cavity to localize acoustic wave energy. It is 
an integrated part of the reflective grating, typically formed by depositing electrodes 
thereupon. 

[0019] When discussing the invention, it should be noted that the term crystal conveys a 
broad meaning, which extends to piezoelectric crystal as well as any material such as 
ceramic or a polymer that exhibits piezoelectric or ferroelectric characteristics. It is also 
recognized that piezoelectric or ferroelectric material is commonly being layered on other, 
non piezoelectric material, and that the term piezoelectric, or crystal, extends to such 
materials as well. Other terms of the art such as resonant cavity should also be given their 
reasonable and customary meaning within the art. 

[0020] Thus there is provided a multi-reflective acoustic wave device comprising a substrate 
having at least one layer of uniform thickness piezoelectric substance having at least one 
substantially flat surface capable of generating, guiding, and detecting an acoustic wave. A 
reflective grating is deposited on said flat surface having a length along its longitudinal axis, 



said length defining longitudinal extents of an active area, wherein said active area covered 
on at least 60% of its longitudinal dimension by elements of said reflective grating, said 
elements being spaced at substantially periodic intervals commensurating with the 
wavelength of said acoustic wave. An input transducer and an output transducer, each 
integrated into said reflective grating, and comprising a plurality of electromechanically 
significant interdigitated electrodes. The input transducer is adapted to induce an acoustic 
waves, said acoustic wave having a frequency and a vector, and guided by said surface or 
between said surfaces to travel substantially perpendicularly to said electrodes. A 
propagation path is interposed between said input and output transducers. The reflective 
grating is constructed to create an electromechanically significant reflective coupling 
between the forward and a reverse traveling acoustic wave induced in the piezoelectric 
substance. The reflectivity of the grating is commonly stated as (k/K t ), wherein k represents 
the unnormalized reflective coupling (in 1/meters), and is normalized to the fundamental 
spatial frequency component of the transducer, and K T = 2ttA. Reflective gratings have, by 
definition, a nonzero value of reflectivity, and are further defined to have a minimum 
reflectivity value. 

[0021] Preferably, the reflective grating or a portion thereof comprises a plurality of 
essentially periodically repeating subgroups. Optionally the subgroups are independently 
weighted. Also preferably, each of the majority of the electrodes in the reflective grating 
provides a reflectivity of at least 0.1%. The transducers may be unidirectional or 
bidirectional. 

[0022] Optionally, the reflective grating further comprises a substantially periodic, electrically 
inactive reflective structure interposed between said input and output transducers. 
Preferably, the reflective structure having a length of between 25 and 150 of said periodic 
intervals. In one embodiment, the reflective structure comprises corrugations in said 
piezoelectric substance. In another embodiment at least a portion of the reflective grating 
comprises metal electrodes deposited on the substrate. In another embodiment, at least a 
portion of reflective grating comprises grooves cut in said substrate. The different methods 



of creating the reflective grating is a matter of technical choice, and other embodiments, or a 
combination of embodiments are also contemplated. 

[0023] If desired, the reflective grating has at least one periodicity variation to introduce a 
fixed offset in the phase shift between a signal coupled to said input transducer and a 
corresponding signal induced in said output transducer. At least a portion of said reflective 
grating optionally comprises dielectric material deposited on said substrate. 

[0024] Preferably the transducers have a length greater than or equal to 50 of said periodic 
intervals, or more preferably, greater than 200 intervals. Also preferably, at least the input 
transducer has a dispersion curve having a stopband with width being between 0.2% and 
2% of the nominal design center frequency and essentially centered at a design frequency. 
The dispersion curve is the relationship between the spatial frequency, k, and temporal 
frequency, w, of waves propagating under the transducer. The dispersion curve deviates 
from the ideal form for a bare-crystal, k = w/v where v is the constant velocity of the wave, 
due to the multi-reflective effect. The dispersion curve supports a stopband at w 0 where k = 
K t , the width of this stopband being proportional to the reflectivity, (k/IQ), such that the 
normalized stopband width, Aco/co 0 = 2ic/Kt. 

[0025] The preferable embodiment further comprises an amplifier circuit coupled between 
said input and output transducers to form an oscillator. 

[0026] In another aspect of the invention there is provided a sensor. A sensing face is in 
mechanical communication with said substrate. An oscillator circuit having an output is 
coupled to said input transducer; and a sensing circuitry having an output and an input is 
coupled to said output transducer. A measuring circuitry for measuring at least one 
parameter of a signal derived from said output transducer. 

[0027] Preferably, the measuring circuitry comprises a comparator for detecting differences 
between the output of said oscillator and the output of said sensing circuitry, for detecting 
differences therebetween, said differences being influenced by exposure of said sensing 
face to a sensed substance. 



[0028] Preferably an output from said output transducer is coupled to said oscillator for 
providing feedback. More preferably, the sensing circuitry and the oscillator are integrated. 

[0029] The comparator may measure phase difference, power absorption between said input 
and output transducers, preferably utilizing temperature compensated diode detector, for 
detecting said power absorption. The comparator may also measure frequency change of 
the oscillator, induced by changes in the delay time of a signal inputted into said input 
transducer and outputted from said output transducer, caused by damping and/or stiffening 
effects of the acoustic plate device. Any combination of voltage, current, phase, and the like 
may be measured by the comparator. 

[0030] The sensing face may be on a face opposite to the face carrying the grating, or on 
the same face. The sensing face may also be adapted for exposure to liquid or gas in a 
manner allowing damping of a signal propagated within said substrate. An intermediate 
layer may be deposited on the sensing face, which may comprise a substance sensitive 
material, chemically structured to change at least one physical property thereof responsive 
to the presence of predetermined molecules or molecule groups. 

[0031] In the most preferred embodiment, there is provided a sensor tolerant of viscous 
dampening comprising an acoustic wave device as described above, further comprising a 
sensing face in mechanical communication with a piezoelectric substrate. An oscillator 
circuit having an output coupled to said input transducer. The input and output transducers 
are each coupled to high efficiency, temperature compensated diode detectors. A 
comparator for detecting differences is coupled to the diode detectors, for detecting 
differences therebetween, said differences being influenced by exposure of said sensing 
face to a sensed substance. 

Short description of drawings 
[0032] Fig. 1 depicts a simplified diagram of an acoustic wave delay line. 

[0033] Fig. 2 represents a simplified diagram of an acoustic wave resonator. 



[0034] Fig. 3 represents a simplified diagram of an acoustic wave device in accordance with 
the preferred embodiment of the invention. 

[0035] Fig. 4 depicts a simplified block diagram of a sensor utilizing an acoustic wave device 
in accordance with the present invention. 

[0036] Fig. 5 represents a simplified cutout of a sensor utilizing a preferred embodiment of 
the invention. 

Detailed Description 

[0037] Reference is now made to Fig. 3 to provide a description of the preferred embodiment 
of the present invention, which comprises a structure having a substrate 035 which may be 
constructed of several layers, or be made of uniform material. At least one layer of the 
substrate, or all of it, is made of piezoelectric substance having essentially uniform 
thickness. The piezoelectric substance has at least one substantially flat surface, 
constructed to guide an acoustic wave. The preferred flat surface is one polished to a 
flatness having variations that are insignificant compared to the intended wavelength. 

[0038] A large reflective grating (310, 320 and 330) is deposited on the flat surface. It is 
substantially periodic within a certain tolerance of the intended wavelength, so that it will 
continue propogation of an acoustic wave while remaining synchronous with the wave. 
While the reflective grating is essentially periodic and preferably coherent, it may contain 
areas without gratings, or other deviation from periodicity and coherence may be introduced 
to produce desired effects, such as a constant offset to the phase shift for example. Phase 
shift may also be introduced by spacing the electrodes slightly out of phase with the 
traveling wavelength. 

[0039] The extents of the reflective grating define the active area of the device, and the 
reflective grating elements cover most of the length of the active area. 

[0040] The reflective grating comprises interdigitated 'electrodes' and 'lands 1 . It may be 
constructed by depositing on the piezoelectric surface metal electrodes, dielectric material, 
conductive material, or any other material that causes periodic perturbation that effect the 



propogation of a wave via the creation of reflections of the acoustic wave. Alternatively the 
reflective grating may also be achieved by cutting slots into the piezoelectric material. 
Material such as metal or dielectric may also be deposited in or on the lands and grooves of 
the grating. Those methods and their equivalents, including various combinations thereof 
will be clear to the one skilled in the art. 

[0041] Electrodes in the grating may be formed in essentially repeating subgroups, which 
may be individually weighted, or having a uniform weight, to increase the efficiency of signal 
coupling into the piezoelectric material at desired frequencies while minimizing the efficiency 
at undesired frequencies. Strategies for weighting such subgroups are well known to one 
skilled in the art. 

[0042] The geometry of at least the majority of the grating elements, are designed to be 
electromechanically significant, meaning generally, to create an electromechanically 
significant reflective coupling between a forward and a reverse traveling wave supported by 
the device causing a so-called "stopband" in the dispersion relationship between the wave 
vector and the frequency, preferably such that the stopband is essentially centered at the 
design frequency, w 0 , and the width of the stopband. Aw is given as 
A(oJ<o = 2k/K t = 4*kA, t , 

wherein co represents the frequency, X represents the wavelength, and Aco represents the 
bandwidth. In the preferred embodiment, electromechanically significant implies a structure 
creating a stopband width in excess of 0.2% of the nominal center frequency for the specific 
acoustic wave and solid support structure, where practical considerations of mode 
conversion place an upper limit of 2% on the stopband width. The width of the resulting 
stopband is specified because it is a governing feature that is readily observed in the 
device's electrical response and may be specified independently of the specific means of 
implementation or variations in mathematical definition that differ by factors of 2% in defining 
the reflectivity of an electrode or a subgroup. Stopband widths of 0.2% to 2% correspond to 
reflectivity, (k/KO, of 0.1% to 1% or "reflectivity per wavelength" (kA) of 0.6% to 6%. 
Therefore, the reflective grating electrodes create controlled reflections in both the forward 
and reverse direction, in the vicinity of the electrode. 



[0043] Input and output transducers are integrated within the reflective gratings. The 
transducers are dispersive in nature and are constructed to interact with the wave in a 
manner that will cause the wave to have a velocity which is different than the constant 
velocity expected from the propagation of a given frequency in the crystal (i.e. in the 
absence of the stopband.) Each transducer covers a large area, typically in excess of 
30%, of the active area, and comprises a large number of electromechanically significant 
electrodes. The transducer bandwidth (in the absence of the stopband effect) is designed to 
be close to the stopband width of the reflective grating (i.e. the bandwidth in which the 
grating spatial separation causes constructive interaction with the signal). Because of the 
dispersion, the resulting pass band of the acoustic wave device can be made to be 2 to 10 
times more narrow than it would be without the stopband for the same size transducer. 

[0044] The electromechanically significant electrodes each cause a local reflection in the 
crystal that propagates some distance along the crystal, which causes perturbations in the 
electrical efficiency of adjacent electrodes. Therefore the propagated signal becomes 
practically infinitely reflective over finely distributed short propagation paths between 
reflections as opposed to the long path length between reflectors of the resonator. Thus the 
device exhibits a combination between the finite impulse response of the delay line and the 
infinite impulse response of the resonator. Moreover, the mechanical energy is more evenly 
distributed along the crystal, and thus the device is capable of transferring more energy 
along a dampened surface, preventing the severe degradation associated with a resonator. 
The device also has essentially uniform sensitivity to perturbations along the surface. 

[0045] By using the structure described above, the reflections that the present state of the art 
attempts to minimize are effectively controlled and used to provide the relative immunity to 
propagation loss and maintain the high Q requirements of a sensor. 

[0046] In order to obtain the desired large feed area and reflection characteristics, the 
distance between the transducers is smaller than the length of the longer of the two 
transducers and thus the transducers cover the majority of the active area. The transducer 
length is measured between the first and last active electrodes and includes the electrodes 



and the spaces therebetween. The preferred embodiment uses transducers of essentially 
the same length, and each covers about one third of the active crystal area, or more. 

[0047] In the preferred embodiment, an intermediate reflective structure 320, preferably 
electrically inactive, is interposed between the input and output transducers. The 
intermediate reflective structure is also integrated into the reflective grating. It is preferable 
that the intermediate reflective structure comprise grounded metal electrodes. Such 
grounded intermediate grating reduces cross capacitance between the input and output 
transducers and thus improves the coupling quality of the device. The intermediate 
structure however is not an essential part of the device. 

[0048] Therefore in the preferred embodiment substantially all the active area is covered by 
electrodes of the input transducer 310, output transducer 330, and the optional intermediate 
grating 320. In contrast to the known delay line in which the propagation path of the 
intermediate area is mechanically passive, and the electrodes 1 electromechanical 
significance is minimized, in the present invention most of the active area is covered by 
electromechanically significant electrodes, and the non-driven propagation path is either 
very small (e.g. a fractional wavelength phase offset) or is electromechanically active (multi- 
reflective) by virtue of the electrodes of the intermediate grating. Since the electrodes used 
are made electromechanically significant, a local reflection is created under each such 
electrode, and the local reflections are added coherently from the input to the output, 
providing the required high coupling efficiency. This structure allows the transducers a 
strong coupling to the crystal and thus increased electrical efficiency, as well as offering the 
wide operating range required. 

[0049] While the device may extend laterally from the active area the extended areas are not 
considered part of the active area as they are not directly in the path of the induced waves 
from the input to the output transducers. In the preferred embodiment, such extended 
areas are made absorbent, e.g. by coating the peripheral faces of the crystal in absorbent 
material. In the preferred embodiment the absorptive material is integrated into the device 
packaging as a chemically resistant adhesive material. 
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[0050] Use of guard electrodes, i.e. a small number of shorted electrodes placed on the 
outside edge of a transducer is well known. Such electrodes are used to preserve the 
continuity of electrical properties of the active electrodes. The guard electrodes may also be 
used reflect or to absorb the residual wave propagating in the opposite direction to the 
desired direction of signal propagation. The preferred embodiment of the present invention 
uses such guard electrodes. 

[0051] The local reflections enhance the energy coupling efficiency. The signal created 
under the electrodes is self-propagating and repeatedly reflects between the electrodes and 
the crystal, and thus the device provides an energy efficiency approaching that of an un- 
damped resonator. Since practically each electrode creates a local reflection, an infinite 
number of reflections are created and an infinite impulse response device is created. 
However, the energy efficiency created by the continual reflection, and the feeding of power 
into the large area of the transducer, also makes the device relatively immune to severe 
drops in Q factor typical to the damped resonator without incurring excessive increases in 
insertion loss. This occurs because the short transit paths between distributed local 
reflections diminishes the unwanted effects of the damping. 

[0052] While the output transducer is driven by the acoustic strains and polarization charge 
variations introduced by the injected input signal, similar local reflections occur in the output 
transducer, and thus the wave is contained over most area of the crystal. 

[0053] In the most preferred embodiment, the subgroup structure consists of a simple two- 
electrode per period transducer having a stopband width of approximately 0.5% on a 
temperature stable substrate such as quartz. The preferred embodiment has 200 periods in 
each of the input and output transducers with a 100 period grating between the transducers 
and approximately 10 periods of reflective grating adjacent to the outer ends of the 
transducers as "guard electrodes". In this embodiment, Uc/U = 1.5 (wherein U is the 
distance between the center of the transducers and L u is the equivalent uniform length of the 
longest of the two transducers) and the stopband width and transducer bandwidth are equal 
while the electrical efficiency of the structure is maximized relative to any other subgroup 
structure (e.g. 3-electrode or 4-electrode subgroups or the so-called hopscotch subgroups of 



group-type unidirectional transducers). The intermediate reflective structure has a 
reflectance (total reflection coefficient of an incident acoustic wave caused by the entire 
array of periodic reflective elements) of 90% (-0.9 dB) at its synchronous frequency, but 
readily transmits acoustic signals near the lower and upper stopband edge. Depending on 
the substrate material selection, piezoelectric coupling is preferentially enhanced at one 
stopband edge over the other and the transducers are maximally efficient at generating and 
detecting acoustic waves. In the preferred embodiments using quartz substrates the 
preferential efficiency is at the lower stopband edge. The transducer gratings have a 
reflectance of 99.5% (-0.04 dB) at the synchronous frequency and are still substantially 
reflective at the stopband edge, helping to trap the acoustic energy and enhancing the 
overall electrical efficiency of the device without localizing the acoustic energy to a discrete 
resonant cavity. While the above describes preferred embodiments, it should be noted that 
embodiments with transducers of lengths as low as 50, or as high as 200, of the periodic 
intervals, are also feasible, while staying within the desired 0.5% to 2% stopband range of 
the nominal design center frequency. It should be also noted that the stopband range is 
also a design consideration and the invention will operate well at other stopband ranges, 
such as of 0.2% - 3% for example. Similarly, the intermediate grating occupies preferably 
the range of between 25 and 150 of the periodic intervals, but will operate at other intervals. 
Those skilled in the art will recognize the precise selection of ranges and lengths such as 
those mentioned above are a matter of technical choice and may need to be tailored to 
specific design requirements such as cost, operating ranges, and the like. 

[0054] In experiments it was found that while the common insertion loss of a delay line is in 
the order of 20 dB, a device constructed in accordance with the present invention can 
achieve an insertion loss in the order of 7.5 dB (increasing off course with the level of 
damping caused by he measured substance). 

[0055] The structure described is very suitable for measuring viscosity, or for measuring the 
existence of certain substances in a tested environment. Coupling the input transducer to an 
alternating voltage source, preferably at the radio frequency (RF) range, will cause the 
signal to travel to the output transducer. By exposing the sensing face 360 opposite the 



reflective grating to liquid, whether directly or indirectly through an intermediate layer 340, a 
dampening effect is introduced. The dampening effect causes several changes in the wave, 
the most useful ones being a phase shift and a change in the insertion loss of the device. 
Those changes are related to the fluid viscosity, and therefore may be used for viscosity 
measurements. The fact that the electrical circuit is isolated from the measured liquid allows 
a larger variety of measurements, and enhanced reliability. However for certain devices, the 
sensing face 360 may be made on the same side of the reflective grating using a 
passivation layer for liquid phase measurements. The even energy distribution caused by 
the multiple local reflections allows for a wide range of viscosity range, exceeding 10,000 cP 
oils in a 160 MHz prototype while incurring less than 20 dB total insertion loss. 

[0056] Measurement for specific substances is also accommodated by depositing a 
substance sensitive film or layer 350 on top of the substrate, whether directly or indirectly. 
The substance sensitive film may be a polymer film or other material that is chemically 
structured to capture specific molecules or molecule groups. When such molecules are 
trapped, the change in the physical properties of the film (e.g. mass, stiffness, viscosity or 
conductivity) cause a change in the signal propagating characteristics, which can be 
measured to detect the presence of such molecules. Such structure makes the sensor 
easily applicable to detection of even small amounts of biochemical substances by using 
enzyme, antibody, an antigen, or nucleic acid molecules as the coating. 

[0057] Therefore, in its most preferred embodiment, the present invention is practiced in a 
viscometer where a single enclosure contains a multi-reflective acoustic wave device (A WD) 
as described above is embedded in the feedback loop of a common emitter amplifier, 
forming an oscillator. The oscillator (and naturally the A WD) are designed for 160MHz. The 
amplifier has 18-20 dB peak gain and 20 dBm of saturated power (100 mW). Clearly, other 
amplifier structures may be used as known. 

[0058] Power levels at the input and output of the RDL are measured utilizing temperature 
stable, high efficiency diode detectors, such as described in US patent application No. 
10/429,151, filed May 2 nd 2003. The enclosure also contains an integrated circuit 



thermometer, and a power regulator. Other circuitry is placed in the enclosure to achieve 
circuit stability and operability as known. 

[0059] The substrate of the RDL in the preferred embodiment is made of Y-65° (Z+25°) cut 
quartz. The use of one of several predetermined thickness to wavelength ratios offers 
preferential coupling to a single acoustic plate mode (APM). The present embodiment uses 
0.5 mm thick quartz for ruggedness and ease of handling. The preferred wavelength is 24ja. 
This combination offers low insertion loss in air, minimal temperature dependence, low 
compressional wave generation in liquids, and sensitivity to loading of the shear wave 
component by a viscous liquid. 

[0060] Fig. 4 depicts a simplified cross section of the most preferred embodiment. This 
embodiment uses monolithic piezoelectric substrate 400 utilizes 2-electrode-per-period 
transducers 410 and 430, having 1000A to 2000A aluminum metal thickness and a nominal 
metallization ratio of 50% ± 10% (equal lines and spaces), which offers an 
electromechanically significant transducer structure with optimized coupling into the 
preferred APM in the design frequency. The design uses 200 periods of electrically active 
transducer with 10 periods of guard electrodes on the outer extremities and 100 periods of 
electrically inactive intermediate reflective grating interposed between the transducers. 
Such an RDL exhibits an insertion loss in air of 8dB ± 2 dB, at nominal design frequency of 
160.4 MHz ± 0.25 MHz, a range of 10 dB of insertion loss dependence between air and 
approximately 20,000 cP mineral oil. The design affords at least 5 dB of adjacent mode 
rejection. 

[0061] In this embodiment, the sensing face 460 of the device is located opposite to the 
metallized surface. The sensing face is exposed, directly or indirectly, to a liquid or gas 450. 
The sensing face 460 can carry a film of substance sensitive material 460 for detecting 
presence of specific substances of interest. 

[0062] Fig. 5 depicts a block diagram of a sensor utilizing the preferred embodiment. An 
RDL 500 is coupled to an oscillator 510 and operates as a part of its feedback loop. Diode 
detectors 520 and 530 detect differences in power between the input and output of the RDL. 



Comparator circuit 550, preferably outside the sensor enclosure, detects the differences 
between the input and output. While the preferred embodiment detects insertion loss, the 
comparator circuit may measure differences in the oscillator frequency, phase, voltage, 
amperage, and the like, or a combination thereof. A desirable feature is thermometer 540, 
which allows measurement of the ambient temperature of the sensor. In order to provide 
noise immunity, the sensor is also provided with a power regulator within the sensor 
enclosure. 

[0063] While the specifications relate generally to piezoelectric substance, it will be clear to 
those skilled in the art that the principles described herein will operate substantially similarly 
with ferroelectric material. Thus the terms piezoelectric substance should be read as 
equivalent to, and the language in the claims should be interpreted as, relating to 
ferroelectric material as well. The design principles may also be applied to acoustic wave 
devices excited by magnetostriction, electrostriction, and Lorentz forces on current-carrying 
electrodes. Further the term 'crystal' should be read to extend to any type of ferroelectric or 
piezoelectric material, piezoelectric polymers, and the like, or to a passive solid support 
bearing a Lorentz force transducer. 

[0064] Notably, the use of a signal sampling system comprised of a power divider, and/or 
buffer amplifier to extract RF signal for frequency counting, or the use of mixers to obtain 
data on phase shifts within the A WD, are also well known in the art, and should be 
considered merely a form of the comparator function. 

[0065] It will be appreciated that the invention is not limited to what has been described 
hereinabove merely by way of example. While there have been described what are at 
present considered to be the preferred embodiments of this invention, it will be obvious to 
those skilled in the art that various other embodiments, changes, and modifications may be 
made therein without departing from the spirit or scope of this invention and that it is, 
therefore, aimed to cover all such changes and modifications as fall within the true spirit and 
scope of the invention, for which letters patent is applied. 



